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We theoretically study the nonlocal spin transport in a device consisting of a nonmagnetic metal
(N) and ferromagnetic injector (F1) and detector (F2) electrodes connected to N. We solve the
spin-dependent transport equations in a device with arbitrary interface resistance from a metallic-
contact to tunneling regime, and obtain the conditions for efficient spin injection, accumulation,
and transport in the device. In a device containing a superconductor (F1/S/F2), the effect of
superconductivity on the spin transport is investigated. The spin-current induced spin Hall effect
in nonmagnetic metals is also discussed.
PACS numbers:
1. Introduction
There has been considerable interest in spin transport
in magnetic nanostructures, because of their potential
applications as spin-electronic devices [1]. The spin po-
larized electrons injected from a ferromagnet (F) into a
nonmagnetic material (N) such as a normal metal, semi-
conductor, and superconductor create a nonequilibrium
spin accumulation in N. The efficient spin injection, ac-
cumulation, and transport are central issues for utilizing
the spin degree of freedom as in spin-electronic devices. It
has been demonstrated that the injected spins penetrate
into N over the spin-diffusion length (lN) of the order
of 1µm using spin injection and detection technique in
F1/N/F2 trilayer structures (F1 is an injector and F2 a
detector) [2]. Recently, several groups have succeeded in
observing spin accumulation by the nonlocal spin injec-
tion and detection technique [3, 4, 5, 6, 7, 8, 9].
In this paper, we study the spin accumulation and spin
current, and their detection in the nonlocal geometry of
a F1/N/F2 nanostructure. We solve the diffusive trans-
port equations for the electrochemical potential (ECP)
for up and down spins in the structure of arbitrary in-
terface resistances ranging from a metallic-contact to a
tunneling regime, and examine the optimal conditions for
spin accumulation and spin current. Efficient spin injec-
tion and detection are achieved when a tunnel barrier
is inserted at the interface, whereas a large spin-current
injection from N into F2 is realized when N is in metal-
lic contact with F2, because F2 plays the role of strong
spin absorber. In a tunnel device containing a super-
conductor (F1/S/F2), the effect of superconductivity on
the spin transport is discussed. The spin-current induced
anomalous Hall effect is also discussed.
2. Spin injection and accumulation
We consider a spin injection and detection device con-
sisting of a nonmagnetic metal N connected to ferromag-
netic injector F1 and detector F2 as shown in Fig. 1. The
F1 and F2 are the same ferromagnets of width wF and
thickness dF and are separated by distance L, and N of
of width wN and thickness dN. The magnetizations of F1
and F2 are aligned either parallel or antiparallel.
In the diffusive spin transport, the current jσ for spin
channel σ in the electrodes is driven by the gradient of
ECP (µσ) according to jσ = −(1/eρσ)∇µσ, where ρσ is
the resistivity. The continuity equations for the charge
and spin curents in a steady state yield [2, 11, 12, 13, 14]
∇2 (µ↑/ρ↑ + µ↓/ρ↓) = 0, (1)
∇2 (µ↑ − µ↓) = l−2 (µ↑ − µ↓) , (2)
where l is the spin-diffusion length and takes lN in N and
lF in F. We note that lN (lCu ∼ 1µm [3], lAl ∼ 1µm
[2, 4]) is much larger than lF (lPy ∼ 5 nm, lCoFe ∼ 12 nm,
lCo ∼ 50 nm) [15].
We employ a simple model for the interfacial current
across the junctions [11]. Due to the spin-dependent in-
terface resistance Rσi (i = 1, 2), the ECP is discontinuous
at the interface, and the current Iσi across the interface
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FIG. 1: (a) Spin injection and detection device (side view).
The current I is applied from F1 to the left side of N. The spin
accumulation at x = L is detected by measuring voltage V2
between F2 and N. (b) Spatial variation of the electrochemical
potential (ECP) for up and down spin electrons in N.
2(z = 0) is given by Iσi = (1/eR
σ
i ) (µ
σ
F|z=0+ − µσN|z=0−),
where the current distribution is assumed to be uniform
over the contact area [16, 17]. In a transparent contact
(tunnel junction) the discontinuous drop in ECP is much
smaller (larger) than the spin splitting of ECP. The in-
terfacial charge and spin currents are Ii = I
↑
i + I
↓
i and
Ispini = I
↑
i − I↓i .
When the bias current I flows from F1 to the left side
of N (I1 = I), there is no charge current on the right side
(I2 = 0). The solution for Eqs. (1) and (2) takes the form
µσN(x) = µ¯N+σδµN with the average µ¯N = −(eIρN/AN)x
for x < 0 and µ¯N = 0 for x > 0, and the splitting δµN =
a1e
−|x|/lN − a2e−|x−L|/lN, where the a1-term represents
the spin accumulation due to spin injection at x = 0,
while the a2-term the decrease of spin accumulation due
to the contact of F2. Note that the pure spin current
IspinN = I
↑
N − I↓N flows in the region of x > 0.
In the F1 and F2 electrodes, the solution takes the
form µσFi(z) = µ¯Fi + σbi (ρ
σ
F/ρF) e
−z/lF , with µ¯F1 =
−(eIρF/AJ)z + eV1 in F1 and µ¯F2 = eV2 in F2, where
V1 and V2 are the voltage drops across junctions 1 and 2,
and AJ = wNwF is the contact area of the junctions.
Using the matching condition for the spin current at
the interfaces, we can determine the constants ai, bi, and
Vi. The spin-dependent voltages detected by F2 are V
P
2
and V AP2 for the parallel (P) and antiparallel (AP) align-
ment of magnetizations. The spin accumulation signal
detected by F2, Rs = (V
P
2 − V AP2 )/I, is given by [14]
Rs = 4RN
(
P1
1− P 21
R1
RN
+
pF
1− p2F
RF
RN
)(
P2
1− P 22
R2
RN
+
pF
1− p2F
RF
RN
)
e−L/lN
(
1 +
2
1− P 21
R1
RN
+
2
1− p2F
RF
RN
)(
1 +
2
1− P 22
R2
RN
+
2
1− p2F
RF
RN
)
− e−2L/lN ,
(3)
where RN = ρNlN/AN and RF = ρFlF/AJ are the
spin-accumulation resistances of the N and F electrodes,
AN = wNdN is the cross-sectional area of N, Ri =
R↑i + R
↓
i is the interface resistance of junction i, Pi =
|R↑i −R↓i |/Ri is the interfacial current spin-polarization,
and pF = |ρ↑F − ρ↓F|/ρF is the spin-polarization of F.
In metallic contact junctions, the spin polarizations, Pi
and pF, range around 40–70% from GMR experiments
[15] and point-contact Andreev-reflection experiments
[18], whereas in tunnel junctions, Pi r anges around 30–
55% from superconducting tunneling spectroscopy exper-
iments with alumina tunnel barriers [19, 20, 21], and
∼ 85% in MgO barriers [22, 23].
The spin accumulation signal Rs strongly depends on
whether each junction is either a metallic contact or a
tunnel junction. By noting that there is large disparity
between RN and RF (RF/RN ∼ 0.01 for Cu and Py [3]),
we have the following limiting cases. When both junc-
tions are transparent contact (R1, R2 ≪ RF), we have
[3, 12, 13]
Rs/RN =
2p2F
(1− p2F)2
(
RF
RN
)2
sinh−1(L/lN). (4)
When junction 1 is a tunnel junction and junction 2 is
a transparent contact (e.g., R2 ≪ RF ≪ RN ≪ R1), we
have [14]
Rs/RN =
2pFP1
(1− p2F)
(
RF
RN
)
e−L/lN . (5)
When both junctions are tunnel junctions (R1, R2 ≫
RN), we have [2, 4]
Rs/RN = P1P2e
−L/lN , (6)
where PT = P1 = P2. Note that Rs in the above limiting
cases is independent of Ri.
We compare our theoretical result to experimental
data measured by several groups. Figure 2 shows the
theoretical curves and the experimental data of Rs as
a function of L. The solid curves are the values in
a tunnel device, and the dashed curves are those in a
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FIG. 2: Spin accumulation signal Rs as a function of dis-
tance L between the ferromagnetic electrodes in tunnel de-
vices: (•, ◦) Co/I/Al/I/Co [4], and in metallic-contact de-
vices: (,) Py/Cu/Py [24, 25], where (•,) are the data at
4.2K and (◦,) at room temperature.
3metallic-contact device. We see that Rs in a metallic
contact device is smaller by one order of magnitude than
Rs in a tunnel device, because of the resistance mis-
match (RF/RN ≪ 1). Fitting Eq. (6) to the experimen-
tal data of Co/I/Al/I/Co (I=Al2O3) in Ref. [4] yields
lN = 650 nm (4.2 K), lN = 350nm (293K), P1 = 0.1,
and RN = 3Ω. Fitting Eq. (4) to the data of Py/Cu/Py
in Ref. [24] at 4.2K yields lN = 920nm, RN = 5Ω,
[pF/(1−p2F)](RF/RN) = 5×10−3, and fitting to the data
in Ref. [25] at 293K yields lN = 700nm, RN = 1.75Ω,
and [pF/(1− p2F)](RF/RN) = 8× 10−3.
The spin splitting in N in the tunneling case is
2δµN(x) = P1eRNIe
−|x|/lN . (7)
In the case of Co/I/Al/I/Co, δµN(0) ∼ 15µV for P1 ∼
0.1, RN = 3Ω, and I = 100µA [4], which is much smaller
than the superconducting gap ∆ ∼ 200µeV of an Al film.
3. Nonlocal spin injection and manipulation
We next study how the spin-current flow in the struc-
ture is affected by the interface condition, especially, the
spin current through the N/F2 interface, because of the
interest in spin-current induced magnetization switching
[26].
The spin current injected nonlocally across the N/F2
interface is given by [14]
Ispin
N/F2 = 2I
(
P1
1− P 21
R1
RN
+
pF
1− p2F
RF
RN
)
e−L/lN
(
1 +
2
1− P 21
R1
RN
+
2
1− p2F
RF
RN
)(
1 +
2
1− P 22
R2
RN
+
2
1− p2F
RF
RN
)
− e−2L/lN
. (8)
A large spin-current injection occurs when junction 2 is
a metallic contact (R2 ≪ RN) and junction 1 is a tunnel
junction (R1 ≫ RN), yielding
Ispin
N/F2 ≈ P1Ie−L/lN , (9)
for F2 with very short lF. The spin current flowing in
N on the left side of F2 is IspinN = P1Ie
−x/lN , which is
two times larger than that in the absence of F2, while on
the right side left IspinN ≈ 0. This indicates that F2 like
Py and CoFe works as a strong absorber (sink) for spin
current, providing a method for magnetization reversal
in nonlocal devices with reduced dimensions of F2 island
[27].
4. Spin injection into superconductors
The spin transport in a device containing a supercon-
ductor (S) such as Co/I/Al/I/Co is of great interest, be-
cause Rs is strongly influenced by opening the supercon-
ducting gap. In such tunneling device, the spin signal
would be strongly affected by opening the superconduct-
ing gap ∆.
We first show that the spin diffusion length in the
superconducting state is the same as that in the nor-
mal state [28, 29]. This is intuitively understood as
follows. Since the dispersion curve of the quasiparti-
cle (QP) excitation energy is given by Ek =
√
ξ2k +∆
2
with one-electron energy ξk [30], the QP’s velocity v˜k =
(1/~)(∂Ek/∂k) = (|ξk|/Ek)vk is slower by the factor
|ξk|/Ek compared with the normal-state velocity vk(≈
vF ). By contrast, the impurity scattering time [31]
τ˜ = (Ek/|ξk|)τ is longer by the inverse of the factor.
Then, the spin-diffusion length in S, lS = (D˜τ˜sf )
1/2 with
D˜ = 1
3
v˜2k τ˜tr = (|ξk|/Ek)D turns out to be the same as
lN, owing to the cancellation of the factor |ξk|/Ek.
The spin accumulation in S is determined by balancing
the spin injection rate with the spin-relaxation rate:
Ispin1 − Ispin2 + e (∂S/∂t)sf = 0, (10)
where S is the total spins in S, and Ispin1 and I
spin
2 are
the rates of incoming and outgoing spin currents through
junction 1 and 2, respectively. At low temperatures the
spin relaxation is dominated by spin-flip scattering via
the spin-orbit interaction Vso at nonmagnetic impurities
or grain boundaries. The scattering matrix elements of
Vso over QP states |kσ〉 with momentum k and spin σ
has the form: 〈k′σ′|Vso|kσ〉 = iηso (uk′uk − vk′vk) [~σσ′σ ·
(k × k′)/k2F]Vimp, where ηso is the spin-orbit coupling
parameter, Vimp is the impurity potential, σ is the Pauli
spin matrix, and u2k = 1 − v2k = 12 (1 + ξk/Ek) are the
coherent factors [30]. Using the golden rule for spin-flip
scattering processes, we obtain the spin-relaxation rate
in the form [32, 33]
(∂S/∂t)sf = −S/τsf(T ), (11)
where S = χs(T )SN with SN the normal-state value and
χs(T ) the QP spin-susceptibility called the Yosida func-
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FIG. 3: Temperature dependence of the spin relaxation time
τs in the superconducting state. The inset shows χs and
2f0(∆) vs. T .
tion [34], and
τs(T ) = [χs(T )/2f0(∆)] τsf , (12)
where τsf is the spin-flip scattering time in the nor-
mal state. Equation (12) was derived earlier by Yafet
[33] who studied the electron-spin resonance (ESR) in
the superconducting state. Figure 3 shows the tem-
perature dependence of τs/τsf . In the superconduct-
ing state below the superconducting critical temperature
Tc, τs becomes longer with decreasing T according to
τs ≃ (π∆/2kBT )1/2τsf at low temperatures.
Since the spin diffusion length in the superconduct-
ing state is the same as that in the normal state, the
ECP shift in S is δµS =
(
a˜1e
−|x|/lN − a˜2e−|x−L|/lN
)
,
where a˜i is calculated as follows. In the tunnel de-
vice, the tunnel spin currents are Ispin1 = P1I and
Ispin2 ≈ 0, so that Eqs (10) and (11) give the coefficients
a˜1 = P1RNeI/[2f0(∆)] and a˜2 ≈ 0, leading to the spin
splitting of ECP in the superconducting state [14]
δµS(x) =
1
2
P1
RNeI
2f0(∆)
e−|x|/lN , (13)
indicating that the splitting in ECP is enhanced by the
factor 1/[2f0(∆)] compared with the normal-state value
(see Eq. 7). The detected voltage V2 by F2 at distance L
is given by V2 = ±P2δµS(L) for the P (+) and AP (−)
alignments. Therefore, the spin signal Rs in the super-
conducting state becomes [14]
Rs = P1P2RNe
−L/lN/[2f0(∆)]. (14)
The above result is also obtained by the replacement
ρN → ρN/[2f0(∆)] in the normal-state result of Eq. (6),
which results from the fact that the QP carrier density
decreases in proportion to 2f0(∆), and superconductors
become a low carrier system for spin transport. The
rapid increase in Rs below Tc reflects the strong reduction
of the carrier population. However, when the splitting
δµS ∼ 12eP1RNI/[2f(∆)] at x = 0 becomes comparable
to or larger than ∆, the superconductivity is suppressed
or destroyed by pair breaking due to the spin splitting
[35, 36, 37, 38, 39, 40]. This prediction can be tested by
measuring Rs in Co/I/Al/I/Co or Py/I/Al/I/Py in the
superconducting state.
5. Spin-current induced spin Hall effect
The basic mechanism for the spin Hall effect (SHE)
is the spin-orbit interaction in N, which causes a spin-
asymmetry in the scattering of conduction electrons by
impurities; up-spin electrons are preferentially scattered
in one direction and down-spin electrons in the oppo-
site direction. Spin injection techniques makes it pos-
sible to cause SHE in nonmagnetic conductors. When
spin-polarized electrons are injected from a ferromagnet
(F) to a nonmagnetic electrode (N), these electrons mov-
ing in N are deflected by the spin-orbit interaction to
induce the Hall current in the transverse direction and
accumulate charge on the sides of N [41, 42, 43].
We consider a spin-injection Hall device shown in
Fig. 4. The magnetization of F electrode points to the
z direction. Using the Boltzmann transport equation
which incorporates the asymmetric scattering by non-
magnetic impurities, we obtain the total charge current
in N [43]
jtot = αH [zˆ× jspin] + σNE, (15)
where the first term is the Hall current jH induced by
the spin current, the second term is the Ohmic current,
E is the electric field induced by surface charge, and
αH ∼ ηsoN(0)Vimp (skew scattering). In the open cir-
cuit condition in the transverse direction, the y compo-
nent of jtot vanishes, so that the nonlocal Hall resistance
+   +     +      +            +                 +
-   -     -      -            -                -
VH
VH
+
-
F
I
I
m// z
L
jspin
jH N
FIG. 4: Spin injection Hall device (top view). The mag-
netic moment of F is aligned perpendicular to the plane. The
anomalous Hall voltage VH = V
+
H − V
−
H is induced in the
transverse direction by injection of spin-polarized current.
5TABLE I: Spin-orbit coupling parameter of Cu and Al.
lN (nm) ρN (µΩcm) τimp/τsf ηso
Cu 1000a 1.43a 0.70 ×10−3 0.040
Cu 546b 3.44b 0.41 ×10−3 0.030
Al 650c 5.90c 0.36 ×10−4 0.009
Al 705d 5.88d 0.30 ×10−4 0.008
Ag 195e 3.50e 0.50 ×10−2 0.110
aRef. [3], bRef. [8], cRef. [4], dRef. [45], eRef. [10].
RH = VH/I becomes
RH =
1
2
(P1αHρN/dN) e
−L/lN , (16)
in the tunneling case. Recently, SHE induced by the
spin-current have been measured in a Py/Cu structure
using the spin injection technique [44, 45, 46].
It is noteworthy that the product ρNlN is related to
the spin-orbit coupling parameter ηso as [48]
ρNlN =
√
3π
2
RK
k2F
√
τsf
τimp
=
3
√
3π
4
RK
k2F
1
ηso
, (17)
where RK = h/e
2 ∼ 25.8 kΩ is the quantum resistance.
The formula (17) provides a method for obtaining infor-
mation for spin-orbit scattering in nonmagnetic metals.
Using the experimental data of ρN and lN and the Fermi
momentum kF [49] in Eq. (17), we obtain the value of
the spin-orbit coupling parameter ηso = 0.01–0.04 in Cu
and Al as listed in Table 1. Therefore, Eq. (16) yields
RH of the order of 1mΩ, indicating that the spin-current
induced SHE is observable by using the nonlocal geome-
try.
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